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Abstract—This paper presents the experimental characteriza-
tion of a load modulated balanced amplifier for base station
applications using a single input configuration. An off-the-shelf
power splitter is used with coaxial cables of different length to
divide the input power between the branches. The effect of the
phase offset is assessed experimentally by CW single tone and
modulated signal measurements, and the results are discussed.
With a proper selection of cable length, the amplifier achieves a
CW output power of 48 dBm and a 6 dB back-off efficiency of
44% at 1.9 GHz, while it maintains an output power higher than
47.5 dBm and a back-off efficiency higher than 32% between 1.8
and 2.3 GHz. The amplifier, tested with a Long Term Evolution
signal, can be linearized with a digital predistorter to comply
with spectral regrowth requirements.
Index Terms—Balanced power amplifiers, load modulation,
gallium nitride
I. INTRODUCTION
The need for transmitting more and more information
wirelessly has required the optimization of the frequency spec-
trum resources, leading to the use of high modulation orders
together with very narrow band-guards between different fre-
quency channels. Both these conditions pose stringent linearity
requirements to the transmitters in order not to deteriorate the
in-band distortion – usually quantified in terms of Error Vector
Magnitude (EVM) – and avoid excessive spectral regrowth –
quantified by the Adjacent Channel Leakage Ratio (ACLR).
To meet those requirements, it is often necessary to trade-off
the power amplifier (PA) efficiency by operating it in back-off
to avoid clipping and saturation. A widely adopted solution for
improving the linearity vs. efficiency trade-off is the Doherty
PA, introduced back in 1936 [1] for AM transmissions, and
revived for modern communications [2], [3]. The Doherty is
based on load-modulation, meaning that the load seen by
the active device changes instantaneously with the modulated
signal, helping to maintain an optimal voltage swing and
consequently a good efficiency also for reduced input power.
To overcome one of the main issues of the Doherty PA, i.e.,
its limited bandwidth, a recently introduced novel PA config-
uration, the Load Modulated Balanced Amplifier (LMBA) [4],
has been proposed as a possible PA for modulated signal
amplification [5]. The results shown by the LMBA are very
promising and compare well with the state of the art in terms
of bandwidth, output power and also linearity. However, the
LMBA is in general based on a dual-input configuration that
might be considered, in some cases, as a complication to the
transmitter that cannot be afforded, despite the fact that dual-
input PAs, such as dual-input Doherty PAs, have demonstrated
great potential [6], [7]. Single-input LMBAs have been already
demonstrated [8], [9], and a comparative analysis between a
dual-input and an emulated single input configuration has been
presented in [10].
In this paper, for the first time, an LMBA designed for
dual input operation has been characterised in a single input
configuration by using a simple off-the shelf input splitter. The
impact of change in relative delay between the inputs is anal-
ysed experimentally, and the results are critically commented.
II. LOAD MODULATED POWER AMPLIFIER (LMBA)
The LMBA is based on a balanced pair of amplifiers (BPAs)
with an RF control signal power (CSP) injected at the output
isolated port permitting controlled load modulation. Over the
bandwidth of the 3-dB couplers of the BPA, the CSP signal
can modulate the load in any direction from the coupler home
impedance, and the CSP power always adds up at the output,
with a clear advantage with respect to a Doherty PA [5]. In
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Fig. 1. Block diagram of the LMBA characterised in this paper.
the LMBA characterised in this paper (schematic diagram in
Fig. 1), the BPA transistors load ZB was prematched to a high
efficiency optimum Zopt,OBO at around half of the maximum
power deliverable by the device, so that when the CSP was
inactive the amplifiers achieved a first efficiency peak at back-
off power. The CSP injected power, in this case amplified
by a CSP buffer stage, moved the load to the optimum for
maximum power Zopt,SAT and also contributed to the output
power. In particular, the ratio ρC = PIN,CSP/PIN,BPA and the
relative phase φC between inputs must be properly set, as a
function of PIN,BPA to achieve the correct load modulation.
If compared to a Doherty PA, the BPA acted as the main
amplifier, and was biased in class AB, while the CSP worked
as auxiliary and biased in class C. The impedance of the
output coupler was chosen as 25 Ω to reduce the impedance
ratio for the prematching. For this reason, global matching was
needed to feed the 50 Ω output port. The devices are packaged
25 W GaN HEMTs from Wolfspeed, and the designed LMBA
targeted the 1.7-2.5 GHz band.
Fig. 2 (left) shows the simulated load modulation at 2.2 GHz
as a function of ρC and φC. For low CSP injection, the pre-
matching sets the load close to Zopt,OBO, while for increasing
CSP power a correct phase adjustment is necessary to bring
the load to the optimum Zopt,SAT.
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Fig. 2. Left: Dual-input LMBA; simulated ZB at 2.3 GHz as function of
ρC and φC. Right: Single-input LMBA; simulated ZB at back-off (red)
and saturation (blue) vs. frequency; black traces show the position of the
corresponding target optimum loads. Smith Charts normalised at 12Ω.
III. SINGLE INPUT LMBA
The load modulation effectively improves the LMBA ef-
ficiency if its amount and direction are properly controlled
as a function of the instantaneous input power. With separate
RF inputs, this can be achieved by controlling independently
the modulated signals. The LMBA used in this paper was
characterized with separate inputs in [5], achieving on the
1.7-2.5 GHz bandwidth an output power higher than 48 dBm
and a back-off efficiency higher than 43%. This required
both amplitude and phase independent controls, and such
freedom was also beneficial with modulated signals, where a
quadratic function was applied to determine the CSP input.
However, where the complexity of such a solution is not
acceptable, it is possible to derive the CSP input by splitting
or probing the BPA input. In [8], the input has been divided by
a 3 dB coupler and the phase has been adjusted to address the
desired behaviour at single frequency, i.e., 800 MHz. A similar
solution has been then proposed in [9] where, however, thanks
to broadband matching and a detailed design of a filter-based
delay network, an octave bandwidth has been achieved.
In this paper, the strategy has been to try to characterise
the LMBA designed for independent inputs with an external
splitter based on off-the shelf power divider and coaxial cables
of different lengths to adjust φC, see Fig. 3. A preliminary
simulation has been used to determine an initial value for φC.
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Fig. 3. Single input LMBA approach.
By observing the optimum phase setting for the dual-input
simulations, a reasonable approximation was given by using a
transmission line delay of 162 ps on the BPA side. By simulat-
ing the LMBA with this setting, the bandwidth resulted limited
in the 1.8–2.3 GHz with a reduced performance compared to
the dual-input, but still reasonable. Fig. 2 (right) shows the
simulated ZB at back-off and saturation vs. frequency in this
single input configuration. The saturated load remains close
to the corresponding optimum in the frequency range 1.8–
2.3 GHz, while the deviation is quite large outside this band.
IV. EXPERIMENTAL CHARACTERIZATION
The single-input LMBA has been characterised in CW
single tone and modulated signal conditions. The measurement
setup (picture in Fig. 4) is based on a vector signal generator
feeding, through a driver amplifier, the LMBA. The input and
output power was measured with power meters. A heterodyne
receiver, based on a passive mixer and a digital oscilloscope,
was used to detect the modulated signal in the system level
characterization.
Vector Signal
Generator
Driver
Amplifier
LMBA
Input
Splitter
Receiver
Fig. 4. Picture of the measurement system.
CW single tone measurements were performed in the 1.6–
2.4 GHz band with 100 MHz steps. Two coaxial cables whose
length difference equals a delay difference of 162 ps (referred
to as φC0) were used to connect the BPA and CSP inputs to
the input power divider (ZAPD-4 from MiniCircuits). Then, a
SMA adapter with a delay around 64 ps was used to increase
the delay on the CSP side (measurement condition referred to
as φC+) and the BPA side (referred to as φC−) to evaluate
the effect on performance and experimentally verify if the
optimum setting determined in simulations was also the best in
measurements. The BPAs were biased at drain voltage of 28 V
and total drain current of 60 mA, while the CSP was biased at
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Fig. 5. Maximum output power vs. CW frequency for different delays.
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Fig. 6. Back-off efficiency vs. CW frequency for different delays.
28 V drain and -7 V gate. Fig. 5 and Fig. 6 shows the maximum
output power and the 6 dB back-off efficiency, respectively, vs.
frequency and for different delay settings. The φC0 settings
allowed the best performance over the bandwidth, suggesting
that simulations were fairly reliable in indicating the correct
phase settings. Fig 7 shows the output power, gain, maximum
and back-off efficiency vs. frequency with the φC0 setting.
At 1.9 GHz, the LMBA showed its best performance with
maximum power of 48 dBm, back-off efficiency of 44%, and
gain of 7 dB. Over the 1.8-2.3 GHz band, the output power was
larger than 47.5 dBm and the back-off efficiency was higher
than 32%. These results are reduced if compared to the dual-
input results presented in [5], but still compare reasonably well
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Fig. 7. Output power, gain, maximum efficiency and back-off efficiency vs.
CW frequency for the single input LMBA.
with the literature.
1885 1890 1895 1900 1905 1910 1915
0
-10
-20
-30
-40
-50
-60
N
o
rm
a
li
z
e
d
 S
p
e
c
tr
u
m
 (
d
B
)
Frequency (MHz)
DPD
ACLR=-49dBc
No DPD
ACLR=-37dBc
2285 2290 2295 2300 2305 2310 2315
0
-10
-20
-30
-40
-50
-60
N
o
rm
a
li
z
e
d
 S
p
e
c
tr
u
m
 (
d
B
)
Frequency (MHz)
No DPD
ACLR=-34dBc
DPD
ACLR=-48dBc
Fig. 8. Measured spectrum for the single input LMBA with 5 MHz LTE
test signal at average output power of 39 dBm, without and with predistor-
tion. Left: 1900 MHz, average efficiency of 42%. Right: 2300 MHz, average
efficiency of 34%.
Finally, to test the linearizeability of the LMBA, that could
be more critical in a single-input configuration [10], an LTE
5 MHz channel signal with PAPR of around 9 dB is used. Due
to the relaxed thermal stress, the LMBA showed 1-1.5 dB
higher maximum power across the bandwidth compared to
single-tone measurements. By applying a memory polynomial
digital predistortion, the ACLR could be brought well below
the -45 dBc standard requirement, as shown in Fig. 8.
V. CONCLUSION
A load modulated balanced amplifier, originally designed
for dual-input operation, has been characterized using a simple
single-input configuration. Despite the expected reduction in
bandwidth, the amplifier still shows good results both in CW
single tone and modulated signal conditions, demonstrating
the versatility of the hardware.
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